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In Brief
Neurons lining the central canal in the spinal cord sense acidic pH through activation of ASIC3 and alkaline pH through PKD2L1 channels, as shown by Jalalvand et al. This results in a U-shaped response pattern with a minimum around pH 7.4. These neurons inhibit the motor networks and represent a new homeostatic system for pH regulation.
SUMMARY
For survival of the organism, acid-base homeostasis is vital [1, 2] . The respiratory and renal systems are central to this control. Here we describe a novel mechanism, intrinsic to the spinal cord, with sensors that detect pH changes and act to restore pH to physiological levels by reducing motor activity. This pH sensor consists of somatostatin-expressing cerebrospinal fluid-contacting (CSF-c) neurons, which target the locomotor network. They have a low level of activity at pH 7.4. However, at both alkaline and acidic pH, the activity of the individual CSF-c neuron is markedly enhanced through the action of two separate channel subtypes. The alkaline response depends on PKD2L1 channels that have a large conductance and an equilibrium potential around 0 mV, both characteristics of mouse PKD2L1 channels [3] [4] [5] . The acidic response is due to an activation of ASIC3 [6] . The discharge pattern of the CSF-c neurons is U-shaped with a minimum frequency around pH 7.4 and a marked increase already at slightly lower and higher pH. During ongoing locomotor activity in the isolated spinal cord, both an increase and as a decrease of pH will reduce the locomotor burst rate. A somatostatin antagonist blocks these effects, suggesting that CSF-c neurons are responsible for the suppression of locomotor activity. CSF-c neurons thus represent a novel innate homeostatic mechanism, designed to sense any deviation from physiological pH and to respond by causing a depression of the motor activity. Because CSF-c neurons are found in all vertebrates, their pH-sensing function is most likely conserved.
RESULTS AND DISCUSSION
An important homeostatic requirement for the nervous system as well as other tissues is to maintain the pH in a narrow window near 7.4. Metabolic factors may challenge this control and result in acidosis or alkalosis and affect all tissues including the nervous system. The immediate level of control is compensation through modifications of the respiratory activity leading to changes in the pCO 2 levels, whereas long-term control occurs through the kidneys [7] . An enhanced level of activity in the nervous system itself will increase the level of lactate and lower the pH [8, 9] . Neuronal function is highly sensitive to even small changes in pH and to disturbances in the acid-base balance [2, 10, 11] . We now show that the spinal cord itself has pH sensors at the central canal recording any deviation from pH 7.4. They in turn provide a feedback system that will inhibit motor activity in the spinal cord at either acidic or alkaline pH and thereby also reduce the muscle activity, another major source of lactate.
The central canal is lined with ciliated cells [12] [13] [14] [15] [16] , and one subtype is somatostatin/GABA-expressing CSF-c neurons in the lamprey spinal cord [14, 17] that respond to small decreases of the extracellular pH with an enhanced rate of action potentials [6] . ASIC3 channels mediate the acidic response, which provides a negative feedback to circuits in the spinal cord, resulting in a suppression of locomotor activity [6] . To investigate whether these CSF-c neurons ( Figures 1A and 1B ) also will respond to moderate increases of pH, we bath-applied extracellular solutions of alkaline as well as acidic pH (range 6.5-8.3) to the isolated spinal cord while performing on-cell patch recordings (excluding any interference with the cell's interior) from the CSF-c neurons ( Figure 1C ; n = 5). At pH 7.4, the neuron in Figure 1C has a low level of resting activity, which increases markedly even at a modest elevation of pH (7.7) and also at slightly acidic pH (7.1). A clear increase in spike activity was thus seen in the same cell at both a decreased and increased pH. Figure 1D illustrates the mean increase in spike frequency of all CSF-c neurons recorded in cell-attached mode (n = 5) in response to both acidic (6.5-7.1) and alkaline (7.7-8.3) pH. These results show that the individual CSF-c neuron responds to small deviations in pH, with a U-shaped response pattern around a minimum at physiological pH (7.4) .
To investigate the mechanisms underlying the alkaline response, current and voltage-clamp intracellular recordings were performed. At pH 7.4, CSF-c neurons fire spontaneous action potentials ( Figure 2A ). To avoid the possibility of indirect effects through synaptic inputs, GABA (gabazine) and glutamate (AP5 and CNQX) antagonists were administered as well as tetrodotoxin (TTX) to block action potentials and thereby also synaptic interaction. When the neurons were exposed to pH 7.9, depolarizing events occurred more frequently and several were of considerable amplitude (up to approximately 20 mV; Figure 2A ; n = 5). The response to increases in pH was also analyzed in voltage clamp mode ( Figure 2B ). In the presence of gabazine, AP5, CNQX, and TTX, only a few low-amplitude current events were seen at pH 7.4 ( Figure 2B ). After increasing the extracellular pH to 7.9, the number and size of inward current events increased markedly in all cells tested (Figures 2B-2E; n = 17). To examine whether the sensitivity of CSF-c neurons to increases in pH also depends on the ASIC3 channel, APETx2, a selective antagonist [18, 19] , was applied. In the presence of APETx2, a similar number of inward current events were, however, still recorded at alkaline pH (Figures 2B and 2C; n = 7), indicating that ASIC3 is not involved. When exposing the same CSF-c neuron to alkaline followed by acidic pH, inward currents occurred in response to small pH deviations in either direction (pH 7.9 and 6.9, respectively; Figure 2D ; n = 7). Application of APETx2 blocked the response to acidic pH but did not affect the alkaline response (Figures 2D and 2E; n = 5). The same CSF-c neuron is thus capable of signaling a small deviation from pH 7.4 with the response to acidic pH being mediated through ASIC3, whereas the alkaline response must depend on another channel.
To investigate which type of channel might be sensing extracellular increases in pH, we held the CSF-c neuron at different holding potentials (À80 to +30 mV) in voltage clamp mode at pH 7.9 in the presence of gabazine, CNQX, AP5, and TTX (Figure 3A) . The inward currents generated by alkaline pH decreased in frequency and amplitude at more depolarized potentials and reversed at approximately 0 mV (Figures 3A and 3B ; n = 3). In contrast, the inward currents mediated by ASIC3 in response to acidic pH, and to mechanical activation, reversed at approximately +25 mV [6, 20] . A candidate channel sensing alkaline pH is the polycystic kidney disease (PKD)-protein-2-like 1 (PKD2L1) channel that is expressed in GABAergic spinal cord CSF-c cells in zebrafish, mouse, and monkey [21, 22] . To examine whether PKD2L1 is present in the lamprey spinal cord, we performed in situ hybridization (no specific PKD2L1 antagonist exists). The only spinal cord cells that expressed the PKD2L1 channel were CSF-c neurons ( Figure 3D ), and those located at the lateral aspect of the central canal co-expressed somatostatin ( Figures 3D and 3E ), i.e., the CSF-c neurons recorded from here and that respond to alkaline pH. PKD2L1 channels in mouse were initially thought to be acid sensing [23] but have recently been reported to detect extracellular pH increases [24] [25] [26] [27] , and they display an approximately linear current-voltage relationship with a reversal potential around 0 mV [3] [4] [5] . Furthermore, we recorded unitary inward current events, presumably corresponding to singlechannel openings, at alkaline pH ( Figure 3C ; same cell as in A; holding potential À80 mV). The size of these current events, approximately 15 pA at À80 mV membrane potential, would correspond to a single-channel conductance of about 185 pS and thus in agreement with the large conductance previously reported for the PKD2L1 channel in mouse [4, [25] [26] [27] . Taken together, these results show that both ASIC3 and PKD2L1 channels are present in the same CSF-c neuron and sense small deviations from physiological pH.
The axons of lateral CSF-c neurons ramify in the gray matter, and they exert direct effects on spinal neurons and reduce the activity of the locomotor network [6, 22] , in response to lowered pH [6] . To explore whether alkaline pH will also affect the locomotor burst frequency, we performed ventral root recordings in the intact spinal cord preparation ( Figure 4A ; n = 10 preparations) during fictive locomotor activity induced by NMDA. An increase of the extracellular pH (7.9) caused a significant reduction of the locomotor burst frequency, to recover upon return to pH 7.4 (Figures 4B and 4C; n = 4). The locomotor burst rate ( Figure 4F , black curve; n = 11) peaks at pH 7.4 and is markedly reduced even at modest deviations from physiological pH. The burst rate curve versus pH represents the inverse of the U-shaped pH-response curve of the firing of the CSF-c neurons ( Figure 4F , gray curve; n = 5). The ASIC3 antagonist APETx2 had no effect on the reduction of the locomotor rhythm at pH 7.9 ( Figures 4B and 4C) , in contrast to its blockade of the rhythm reduction at acidic pH [6] , indicating that ASIC3 is not involved at alkaline pH but rather PKD2L1.
The lowering of the burst frequency by acidic pH is mediated by a release of somatostatin from the CSF-c neurons [6] . These neurons are the only cells in the spinal cord that express somatostatin [6] . To examine whether the effect of alkaline pH on the locomotor network is also mediated by a release of somatostatin from CSF-c neurons, we bath applied the somatostatin sst 2 receptor antagonist CYN-154806 during fictive locomotor activity at pH 7.9 (Figures 4D and 4E ; n = 6). With the somatostatin antagonist present, the burst rate was no longer influenced by alkaline pH (Figures 4D and 4E) . However, the somatostatin receptor blockade led in itself to a shortening of the period length, indicating a certain release of somatostatin during fictive locomotor activity [6] .
In conclusion, the spinal cord has its own control system for sensing any deviation from pH 7.4, regardless of whether in the alkaline or acidic direction. Remarkably, the same CSF-c neuron expresses an acid-sensing (ASIC3) and alkaline-sensing (PKD2L1) channel ( Figure 4G ), both of which can increase the discharge rate of the neuron. This results in a U-shaped activity profile versus pH, with the minimum at pH 7.4 (see Figure 4F , gray curve). The axons of these neurons ramify in the gray matter of the spinal cord and cause a depression of the motor activity when activated ( Figures 4F, black curve, and 4G) . At a high level of activity, the spinal cord itself will generate lactate that will lower the pH, and the resulting reduction of activity will clearly help counteract the acidosis, to which also the circulation may contribute as during a metabolic acidosis. A decreased motor activity will have the additional beneficial effect to reduce muscle activity, another major source of lactate. If instead alkalosis occurs, motor activity should also be reduced because alkaline pH can result in muscle spasms and neuronal dysfunction. There is one further contributing factor: these CSF-c neurons each have a cilium that senses fluid movements within the central canal [6] . The body undulations during locomotion will lead to fluid movements and increased activity of CSF-c neurons and thereby lowering of the motor activity [6] . The CSF-c neurons thus provide a new homeostatic module in the fine regulation of pH specific to the CNS, which adds to the vital respiratory and renal pH regulation.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures and can be found with this article online at http://dx.doi.org/10.1016/j.cub. 2016.03.048.
AUTHOR CONTRIBUTIONS
S.G. designed research together with P.W., B.R., and E.J. E.J. and H.T. performed experiments. E.J., P.W., H.T., and B.R. analyzed data. E.J., S.G., B.R., and P.W. wrote the manuscript.
ACKNOWLEDGMENTS
All experimental procedures were approved by the local ethical committee (Stockholm's Norra Djurfö rsö ksetiska Nä mnd). We are grateful for valuable comments by Drs. Abdel El Manira, Ole Kiehn, and Gilad Silberberg. We also 
